Collisions with hadrons tests of quantum electrodynamics by Wilson, R
COLLISIONS WITH HADRONS TESTS 
OF QUANTUM ELECTRODYNAMICS 
A. B a l d i n 
R . W i l s o n 
V . S idorov 
R . T a y l o r 
L . Hand 
V . Aus lende r 
V . Gorshkov 
V . T r o i t s k y 
S. B i l e n k a y a 
S R u s a k o v 
V . K i s e J e v 
L E P T O N - H A D R O N INTERACTIONS 
A N D QUANTUM ELECTRODYNAMICS 
R. Wilson 
Introduction 
I am, I bel ieve, the luckiest rapporteur at the meet ing foe 
I believe I have the most exci t ing data to present. F i r s t ly I will s tar t with thr 
s tatus of quantum electrodynamics. This is a his tor ic year because, for the first 
t ime for many years, experiment and theory agree for all the different processes. 
Three other recent surveys [1 , 2, 2 A ] cover most of this s i tuat ion, par t icu lar ly 
from the theoret ica l viewpoint. I will then proceed to discuss e las t ic lepton~had-
ron scat ter ing and tha t leading to exci ted nucléon states; then I will discuss lep-
ton-hadron scat ter ing with high exc i ta t ion energies, and f inal ly the in terac t ion 
of t ime-l ike photons, pr imari ly through coll iding beam exper iments . 
Low Energy Precision Measurements. 
Lamb Shift 
Although a tomic physics is not s t r i c t ly the realm of this con­
ference, I will brief ly summarize the low energy s i tuat ion. 
The L a m b shift is the level separation between the 2Py2 and the 2Si/a levels 
in the hydrogen atom as shown in F ig . l a . Table I , from a paper by Brodsky and 
Appelquist [ 3 ] , shows the present set of data for H and D. The ear ly data of Tr ieb-
wasser, Dayhoff, and L a m b are in good agreement with the la ter data . I t is note­
worthy tha t more recent measurements have not been able to improve on their 
error. The accuracy of the measurements is l imited by the large width of the le­
vels . The accuracy quoted corresponds to 0 . 1 % of the w i d t h . T h e t h e o r e t i c a l c a l ­
culat ions of the l ine shape are therefore, a l l - important . Robiscoe [5 ] found a smal l 
( + 0 . 0 4 mHz) correction to the data. The veloci ty distr ibution of the atoms was 
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F i g . 1. (a) Leve l scheme for a t o m i c hydrogen. T h e hyperf ine sp l i t t ing is shown for the ground 
s t a t e only . (6) Zeeman energy level d i ag ram of the f ine s t ruc tu re in the n = 2 s ta te of hyd­
r o g e n (hyperf ine s t r u c t u r e not included), (c) Zeeman energy level d iagram of the hyperf ine 
s t r u c t u r e for the l 2 J S ' 1 / 2 e lec t ron ic ground s t a t e of a t o m i c hydrogen, (d) Diagram showing t h e 
cons i s tency of t he m e a s u r e m e n t s of muon ium hyperf ine s t ruc tu re of (x^/fx^ and of a. 
different from tha t assumed previously, and this affects the S ta rk correction to 
the line profile. Poss ib ly a s imilar correction should be applied to the T D L va­
lue [4 ] but i t is small and in any case improves agreement with theory. 
We note tha t the Lamb shift i tself is not usually measured; instead, the le­
vels are shifted (and spl i t ) by the Zeeman effect in a magnet ic field, which is cal ­
culable. This is shown in fig. lb, which shows the Zeeman levels of the fine struc­
ture, but without the hyperfine structure which T D L did not resolve. T D L stu­
died the t ransi t ion between the short l ived state a in F ig . ic and the states e and 
/ , with a constant frequency and varying magnetic field. This led Robiscoe and 
T a b l e 1 
The l a m b shift in h y d r o g e n i c a t o m s ( in MHz) 
Lichten [5 ] to introduce the zero crossing technique. They measure the transit ion 
between one component of the 2 Si/z level and one component of the 2Pi/2 level 
with a s t a t i c e lect r ic field. 
Moreover, they resolve the hyperfine structure. Robiscoe measured the 
transi t ion between the levels e and p as a function of magnet ic field. The crossing 
point is shown by the solid dot in fig. 1c. This method was also used by references 
[7, 8 ] and [ 9 ] . The third to fifth measurements in the table are measurements of 
the 2P*/2 to 2Si/2 separation and are listed here after subtract ion from the fine 
structure interval 2P&/2 — 2P*/2- The experiment (ref. 6) uses a «bottle»; atoms 
in an r . f. c av i ty are exci ted to the 2P y2 s ta te and the 2P y2 — 2S i / j s decay radia­
tion is observed. W e note tha t this is the only discordant observation in the t ab le . 
All errors quoted are standard deviations; the errors or iginal ly quoted were 
sometimes «limits of error» and the changes necessary are made following the re­
cipe of Taylor , Parker , and Langenberg [10] (usually dividing by 3 ) . 
Up unt i l 1966 , the theory and experiment seemed to agree. At tha t t ime M . S o ­
to published the first ana ly t ic calculat ion of the 4 th order radiat ive correction. 
This led to a disagreement between theory and experiment . This has now been 
recalculated [3] and the calcula t ion of Soto shown to be in error. The full theoretical 
result is now L = 1057 .91 ± 0 .06 mHz instead of the old (1966) value 1057 .56 ± 
dz 0 . 0 9 . The error includes errors in the fundamental constants, error in uncal-
culated terms of order a (Za ) 6 m, a 2 (Zaf m, (Zaf m2/MN and a smal l uncertain­
t y in the 4 th orden correct ion. I quote here the «standard déviation» as in the expe­
r iment . Brodsky and Appelquist quote 0 .16 as the «limit of error». 
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We note tha t the old theoret ical value l a y below the exper imenta l values, 
and tha t there was therefore pressure on the exper imenters to look for correct ions 
which lowered the numbers. A human acquiescence to this pressure may explain 
the remaining discrepancies. 
T a b l e II 
The lamb shift ( ^ ) in other hydrogenic atoms 
For completeness, we l ist in Table I I measurements of the L a m b shift in hea­
vier nuclei . Here also there is excel lent agreement between theory and exper iment . 
Low Energy Precision Measurements. 
Fine Structure and Hyperfine Structure 
Up unt i l 1966 the best measurement of the fine structure con­
s tant a = e2/hc was from a measurement of the separation between the levels 
( 2 i > 3 / 2 — 2Pi/2) (the fine structure in terval) in D. These levels are i l lustrated (for 
hydrogen) in fig, lb. Th is changed with the measurement oîhiec by the use of the 
Josephson effect on superconducting junct ions [ 1 0 ] . This now has a precision of 
1 part in 1 0 7 [10, 1 8 ] . The measured fine structure interval disagreed with the 
calculat ion (using the Josephson effect value of hlec) by one part in 1 0 5 . A new 
measurement by Metcal t , Brandenberg and Ba i rd [19 ] resolves this discrepancy. 
Thev find: 
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for the (2Py2 — 2 P i / 2 ) t ransi t ion compared to: 
which uses the least squares adjusted value [10 ] for: 
(which is a number which uses no fine or hyper fine structure measurement in the 
adjustment) . Again, the experimental accuracy is l imited by the fact that the 
error is already 0 . 1 % of the l ine width. 
This new measurement by Metcalf et a l . , uses resonance fluorescence. Pho­
tons are used to exci te the lS — 2P t ransi t ions, and their scat ter ing at 9 0 ° is ob-
served as the magnet ic field is changed. At the Zeeman crossing point (see fig. 16) , 
where the 2Pi/2 and 2P*/2 levels become degenerate, anomalously large scat ter ing 
is observed. 
No new atomic beam measurement of the fine structure spli t t ing has been 
reported, which leaves a small residual fear that there is something basically 
wrong with the atomic beam technique (see fig. id). 
The hyperfine structure spl i t t ing of the hydrogen ground s tate (see fig. l c ) 
is the most accurately measured number in physics [20 ] 
Muonium Hyperfine Structure 
A new measurement was presented to the conference by Telegdî 
and collaborators [ 2 3 ] . They measured the hyperfine structure of the |n, e atom, 
muonium. The Bre i t — R a b i diagram for the Zeeman effect of the hyperfine 
structure is s imilar to that for hydrogen (fig. lc) differing only in scale . Hughes 
measured the transi t ions mF — + 1 to 0 , but Telegdi measured s imultaneously 
the transit ion mp — —1 to 0 . The frequencv of the transit ions is given bv 
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The atomic hydrogen maser is used for this measurement. Unlike the measure­
ment of the fine structure, the accuracy of this measurement is not l imited by 
the line width. 
The theory of this hyperfine structure is not so well known. In addition to the 
- > -> 
uncer ta inty in a (2 in 1 0 6 ) there are corrections to the basis (\ie • fxp) ô 3 (r) inter­
action due to the spread-out nature of the proton's charge and magnet ic mo­
ment distr ibutions. I f the proton were completely polarizable, the electron would 
always adjust i ts orbit to follow the instantaneous charge on the proton, rather 
than follow i ts t ime average as given by the s ta t ic form factors. For the deute­
rium fine structure, where the deuteron is highly polarizable, this is the case 
[ 2 1 ] . However i t is less l ike ly that the proton is polarizable. Calculat ions have 
been made for the case where the proton is non-polarizable using measured pro­
ton form factors. These are reviewed by Grotsch and Yennie [ 2 2 ] . They result 
in a correction of —(34 .6 ± 0 .9) X 1 0 ~ 6 - Comparing experiment to the theory 
for no polar izabi l i ty we find: 
The hyperfine structure is a two photon exchange effect between the electron and 
the proton. The polar izabi l i ty is a measurement of the lepton-hadron inter­
act ion with par t icular spin directions. The lepton-hadron interact ion is the subject
 : 
of the second part of my ta lk . 
where the + and — signs apply to the two transitions v i j 2 and by taking the sum 
of the two frequencies Av hyperfine is obtained direct ly. The difference gives the 
magnetic moment of the free muon. This procedure is s imilar to tha t adopted for 
measuring the free proton moment by Myint et al . [ 2 5 ] . I t is obviously far supe­
rior to measuring the moment in a chemical environment. 
Moreover Teledgi uses a magnet ic field 
Th i s he cal ls the «magie» field. Then he can use a large sample without errors 
due to field inhomogeneit ies and due to the walls. Then he can work at low gas 
pressure and avoid the large extrapolat ions used earlier by Hughes [ 2 4 ] . 
Hughes [24] also presents a new resul t .When working at low pressure and 
low field he found a quadrat ic pressure dependence which had led to an error in 
his previous work. In Tab le I I I the new results are presented. 
In order to calcula te the hyperfine structure we need the magnet ic moment 
T a b l e III 
Muonium hyper f ine s t r u c t u r e 
for diamagnet ic shielding. The usual correction for this shielding is due to Ramsey 
and applies to most measures of the proton moment . In water i t is 26 ppm. There 
exis ts one measurement where the proton moment was measured direct ly in a 
hydrogen maser. For the muon Ruderman [26] had suggested tha t the diamagne­
t ic shielding is less than for the proton due to the smaller mass. Ruderman esti­
mated the difference at 15 ppm. However in a contr ibut ion to the conference 
[26A] the existence of the Ruderman effect is questioned. 
Hague and collaborators measure (ut^ /fip in three chemical environments: 
NaOH solution, disti l led water and methylene cyanide C H 2 (CN) 2 . Ruderman 's 
suggested difference between proton and muon shielding requires the presence 
of the muon as a positive ion. B u t O H ~ recombines with H + in water at a very 
rapid ra te , and the f i + ions would become neutralized in < 10~~"10 sec. Ruderman 's 
effect would give a frequency in NaOH 15 ppm lower than in H 2 0 ; ac tual ly i t 
is 1.6 ppm higher. However a s l ight shift may be expected of 2 ppm due to the 
hydrogen bonding [7] the higher zero point energy. This small correction is cal­
culated by Hague [ 2 6 A ] . 
Hague's measurement may also be combined with the value of (g—2) to give 
the best measurements known of the muon/electron mass ra t io . 
Using the magnet ic moments so measured we can make a new calculat ion 
of the theory of the muonium hyperfine structure. The new comparison of theory 
and experiment is shown in Tab le I I I . The accuracy is such tha t we could reverse 
the argument and use the hyperfine structure to measure a; the measurements 
must be included in any future adjustment of a tomic constants 1 1 0 ] . 
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Unt i l recent ly the magnet ic moment of muon was of the muon since 
measured in water, as was that of the proton. I t is necessary to apply a correction 
Positronium 
There have been no appreciable changes in ei ther the theory 
[28] or the measurement [27] of the hyperfine structure of positronium (SS — XS 
t ransi t ion) . The latest comparison, complete with theoret ical terms of order a 6 
(log a ) TU is shown in Table I V . 
T a b l e I V 
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Magnetic Moments of the Muon 
and Electron 
same relat ive orientat ion of spin and direction of motion, no mat te r what the 
bending in a magnet ic field. I f we measure the precession of the spin we measu­
re (§ — 2) direct ly with a factor 1000 improvement in precision over a measu­
rement of g. The usual measurement is that of the anomalous magnet ic moment 
a = (g- 2)12. 
For the electron, there has been a new measurement in the last year. In the 
earlier experiments of Wilkinson and Crane [29] polarized electrons were trapped 
in a magnet ic «bottle»; a solenoidal field with magnetic mirrors. After a t ime , 
the polarized electrons are scat tered, by Mott scattering, from a foil , and the re­
lat ive orientat ion of spin and direction of motion measured. The t ime between 
injection and detection is measured. Corrections [30, 31 ] were la ter made for the 
detailed orbi t and field measurements. A measurement was also made of the po­
sit ion moment [ 3 2 ] . 
Recen t ly [33] Wes ley and R i c h improved on this measurement with a sig­
ni f icant ly different result and much improved error. 
A measurement of an ent i re ly different type has been reported. In this measu­
rement, polarized electrons rotate as in a synchrotron, with the electron 's spin 
parallel to the magnet ic field. They are depolarized by an RF field at the «(^ — 2) 
résonance»: 
which interacts with the rotat ion cyclotron frequency: 
to depolarize the part ic les . Then g — 2 is given direct ly as the ra t io of two fre­
quencies, and seems to be free of some of the errors in other methods. So far, this 
measurement does not complete in accuracy: but in the future i t may do so. The 
theory is given by: 
The latest additions to this theory are the photon-photon interact ion termes 
[35] (Fig. 2) and second order vacuum polarization loop contr ibutions [36] to the 
( a / j t ) 3 term. These experiments and theory are confronted in Table V . W e see tha t 
there is now excelent agreement between theory and experimental results. 
This correction is not impor tant for the electron magnet ic moment because the 
2 f i t 
term m e i s smal l . B u t for the muon i t is appreciable. The cross section o + — lep-
tons is usual ly included in the pure Q E D corrections and we consider separately 
the cross sections to hadrons. 
Using Orsay measurements for the cross sections in the regions to, p and cp, 
we calcula te [38 ] : 
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T a b l e V 
M a g n e t i c m o m e n t s of e l ec t ron , pos i t ron and m u o n 
The magnet ic moment of the jx-meson has not been remeasured in the las t 
2 years and the C E R N measurements [37] remain the only ones. 
The theory has been corrected recent ly [35, 3 6 ] in the same way tha t the 
theory of the electron moment has been corrected. The theory contains a term due 
Fig . 2 . T y p i c a l photon-pho­
ton d i a g r a m for 6 t h order 
magne t i c m o m e n t (ref. 3 5 ) . 
F i g . 3 . (a) Hadrons contr ibut ion to magnet i c m o m e n t . (6) Col­
liding beam cross sect ion. 
This will be increased somewhat by: 
a) possible effects near threshold which have not yet been measured, these 
could, because of the lis factor , be important . 
to hadronic contr ibutions to the vacuum polarization insertions (Fig. 3 ) ; this 
term m a y be related to the cross sections measured in coll iding beams according 
to the formula: 
according to recent Frascat i data [115, 116 , 1 1 7 ] . So far, therefore is no other 
large contr ibut ion to the integral , but there is no indicat ion tha t the integral is 
convergent. 
W e neglect these further hadronic corrections, even though they might fur­
ther improve the agreement between theory and experiment . The agreement bet­
ween theory and exper iment can then be expressed in terms of a cut-off on a 
photon propagator. The contr ibut ion of the change in propagator is : 
Electron-Positron Interactions 
F i g . 4 . (a) T w o s c a t t e r i n g d iag rams for 
(space l i k e ) , (b) S c a t t e r i n g and a n n i h i l a t i o n d iagrams for 
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b) our present agreement indicates between theory and exper iment tha t ; 
vve now proceed to purely mgn energy experiments ana dis­
cuss the recent ones. B y any standard, the new results from Frascat i are the most 
important . The scat ter ing and annihi lat ion of leptons is conceptual ly the clea­
rest exper imental verif ication of Q E D at short distances. 
The first order Feynman diagrams for these processes are in the F igs . 4 — 5 . 
The cross sections are eas i ly calcula ted. Of course, in the detailed comparisons 
with exper iment the radiat ive correction diagrams are also included. These add 
2 0 % to the cross sect ion. For e+e— scat tering the first diagram dominates over 
the second and thus both e~e— and e+er- scat ter ing become checks of Q E D in the 
space-like region, e+e"- ~ > - J J L + ( X — is a check in the t ime-l ike region and e+e~~ —^ yy 
is a check on the lepton propagator in the space-like regions. 
The deviat ions for the photon propagator are parameterized as usual by 
replacing: 
8* 
Fig . 6 . The smal l angle scat ter ing moni tor for the F r a s c a t i col l iding beam exper iments . 
P x to P 4 , <?! to G 4 are sc int i l la t ion counters; S1 to <S4 are shower counters; Pt to Pv 
in turn , define the solid angle . 
2 2 8 
(g 2 posit ive for space-like momenta) 
corresponding to a modificat ion of 
a Coulomb potent ia l from: 
F i g . 5 . Annihi la t ion d iagrams for This modification corresponds 
to an extra heavy photon propa­
gator with a posit ive or negative metr ic according to the + or — sign. 
T h e cross section modif icat ion, for the negative sign which we will now use, 
becomes: 
I t is c lear ly useful to express the exper imental results in a form where the 
o 
error is approximate ly Gaussian. The above equation shows tha t K wil l have 
the same error distr ibution as the cross section; presumably Gaussian. Accordingly, 
I l is t in the tables K~~2 with i ts error. B y taking the error we can get the 9 5 % 
confidence l imi t on K; this will be s l ight ly different if we take a positive or nega­
t ive metr ic for K, corresponding to a posit ive or negat ive sign of the error. These 
9 5 % confidence l imi ts on K are often the only experimental numbers expressed; 
the tabula t ion of K gives more information in a compact form. 
Lee and W i c k [61 ] introduce a negative metr ic heavy photon and show tha t 
it is consistent with all uni tari t y requirements provided tha t i t is unstable . Since 
we expect a high mass, i t will be unstable . 
According to Kro l l [39 ] a reasonable parameterizat ion for fermion propaga­
tors i s : 
where QF is the square of the mass of the off shell fermion. Th i s is the simplest 
modificat ion compat ible with the Ward — Takahashi ident i ty , which demands 
tha t both the vertex and the propagator be modified. 
The new experiments from Frascat i come from 4 separate groups. The appa­
ratus for two of these groups is very s imi lar and I will discuss the apparatus of 
the Conversi — G r i l l i group [40, 4 1 b Tha t of Zichichi ' s group is s imi lar [43, 4 4 ] . 
Fig . 7. The a p p a r a t u s of the Conversi — Grilli group (refs. 4 0 and 4 1 ) . 
C 2 to C 6 are spark chambers ; sc int i l lat ion counters are numbered 1 to 5 . 
The first 3 sc int i l la t ion counters in each telescope are part of the tr igger . 
A — internal telescope, B — ex terna l one. 
F i g . 8 . Another view of the Conversi — Grilli a p p a r a t u s . 
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F i g . 9 . T h e cross sec t ion for e lec t ron and posi t ron to m u pa i r as measured b y ref 4 1 . 
T h e l ines are the t heo re t i ca l c a l c u l a t i o n w i t h different F e y n m a n regula tors K. 
I t is important to make an absolute normalizat ion accurate ly . The luminosi­
t y (defined as the counting rate divided by the cross section) of the storage ring 
is measured by measuring small angle electron-positron scat ter ing from 3 . 5 ° to 
6 .1° where the momentum transfer is so smal l that Q E D is presumably val id . 
This is shown in fig. 6. 4 telescopes each of 2 sc in t i l la t ion counters and a shower 
counter are placed symmetr ica l ly about the interact ion region. The solid angle 
is defined in one telescope only, but the opposite telescope detects the second 
part icle; a 5 fold coincidence P1G1S1G2S2 is used. B y using all 4 coincidences ar­
rangements the detector is insensit ive to beam posit ion. The luminosi ty is mea­
sured in only one straight section ( that 
used by Conversi and Gr i l l i ) , so some 
of the groups have to assume tha t the 
luminosi ty is the same in each s t ra ight 
section with some increase in error. 
On the transparency I show the 
cri teria used for event ident i f icat ion. 
I will keep this here while showing 
the events. In fig. 7 I show one view 
of the apparatus — with a pion pair . 
Note that there is no shower and the 
particles do not penetrate the absor­
ber. In fig. 8 a mult ipion event is 
shown the identif ication is obvious. 
Fig. 8 shows another view of the 
same apparatus. 
In fig. 9 I show e+e~~- scat ter ing 
cross sections and the theory for 
various Feynman regulators K. In 
fig. 10 I show the cross sect ion. 
These are cross sections integrated 
over angle. 
In table V I I summarize all mea­
surements of the photon propagator. 
F i g . 1 0 . T h e cross sec t ion for e lec t ron-pos i t ron 
sca t t e r ing ( B h a b h a s c a t t e r i n g ) . T h e theory 
wi th different F e y n m a n regula tors K is shown. 
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These include the old e+e~ scat ter ing at Stanford [ 4 7 ] , where only a re la t ive 
angular distr ibution was measured and at e+e~~ scat tering Orsay [46 ] where double 
bremsstrahlung (<?+e~ —• e+e— yy) was used for monitoring. 
P h o t o n propagator tests of Q E D T a b l e V I 
Caution: The F r a s c a t i Results a r e prel iminary. The values of 3T"~2 are my calculat ions. The authors pre­
fer to *quote the more conservative limit. 
Also included is an exper iment on electron production of muon pairs on car­
bon reported to this conference, and g — 2 for the muon. We no te the exce l len t 
agreement . 
I f the viola t ion occurs at a \i\iy or eey ver tex, the experiments are twice as 
sensi t ive as indicated here because there are two vert ices. 
Measurements of Lepton Propagators 
The measurement of e+e— yy is made in a different appara­
tus [45 ] designed specif ical ly to measure showers and reject charged par t ic les . 
The pr imary comparison with the prediction of Q E D is an angular distr ibution 
Lepton P r o p a g a t o r T a b l e V I I 
* The authors present their data as a coefficient of The number here is a reinterpreta-
l i on . 
231 
comparing the y r ay in tens i ty at 2 0 ° with that at 9 0 ° . The absolute numbers also 
agree but this is a less re l iable check because the luminosi ty measurement is in 
a different s t raight section. 
There are s imilar measurements on e+er- —yy reported to this conference 
from Orsay and Novosibirsk. I tabula te them in Table V I L I compare also some 
old and new data on photoproduction of electron and muon pairs. 
Previous authors have varied in expressing the rat io of exper iment to theory 
The obvious tests are comparisons of ep and \xp e las t ic scat ter ing. The diffe­
rence is assumed to occur at the \x\iy or eey ver tex. The ra t io of the form factors 
becomes 
2 3 2 
where 
In the experiments [57, 57A) these seems to be a normalizat ion error, I quote 
only the value of Z>~~2 from the variat ion with q2. 
We can also compare the measured branching rat ions of rho mesons to elect­
rons and muons. This is a measurement in the t ime l ike region (q2 = — ml ~ 
— — 0 . 5 5 ) . Two such comparisons are shown in Tab le V I I L 
We should also note tha t the usual modification of the propagator 
R as is the square where 
of the mass of the lepton pair system. My parametr izat ion is 1 + 2QF/Ai as shown 
and is consistent . 
comes from some, as yet undetermined, mechanism for the breakdown of Q E D . 
If , for example , the breakdown is caused by the Lee — W i c k heavy proton, the 
mass of the photon is K; of i f we include a width K + (iy/2). At this energy a 
sharp peak should be seen in any process involving electro-magnetic interact ions. 
Whether or not we can s imply calculate them. The branching rat io for leptonic 
models of the Lee — Wick photon is Y L = (2 /3) aK. Then the peak will rise above 
background by a factor (K/y)2 1 0 4 . 
Christensen et a l . [62] report on a measurement of pairs from proton bombard­
ment of uranium (p + U J J + + fx— + X). The i r plot of the cross section 
versus the square of the mass of the |m+{jr~ pair (virtual photon energy) is smooth 
with no narrow peak, up to the k inemat ic l imi t of 5 GeV. This then becomes a 
l imi t on the possible mass of a Lee — Wick heavy photon (see fig. 2 9 ) . 
There are other ways ordinary Q E D can be violated. One is tha t t ime rever­
sal invariance might not hold for the electromagnetic interact ion. In the last 
two years there has been an addition to the data. The Harvard — C E A experi­
ment [63 ] on inelas t ic electron scat tering by a polarized target has been repeated 
and improved at SLAG [ 6 4 ] . T ime reversal appears to be conserved. The best 
test of t ime reversal invariance is the upper l imit of the neutron electr ic dipole 
moment [ 6 5 ] . The upper l imi t is : 5 X 1Q~~23 electron charge X cm compared with 
a maximum possible effect of 1 0 ~ 1 9 electron charge X cm. 
The measurement of the charge asymmetry in r\ decay, 
2 3 3 
which indicated a violat ion of t ime reversal [66] at a 3 standard deviation level , 
has not been repeated. 
Other Pathological Failures of QED 
The observation of muon tridents confirms tha t muons obey 
Fermi — Dirac s ta t i s t ics . In a Harvard — AGS experiment [66A] 75 .2 ± 9.7 
events , corrected for efficiences and background, were observed in the react ion 
j r -C | X " + " i x — | U L — t o compare with a theoretical value of 89 ± 2 assuming 
Fermi — Dirac s ta t i s t ics with the Paul i exclusion principle, or 121 ± 2 with 
no exchange terms, and presumably more for Eins te in — Bose s ta t i s t ics . Thus 
Fe rmi—Dirac s ta t i s t ics can be considered established. The final measurement 
is 4 1 / 2 s tandard deviations from the no exchange effect and 8 standard devia­
tions from an E ins t e in—Bose correlat ion. This is an improvement on the previous­
ly announced results. 
Another Q E D check reported to this conference is the production of electron-
positron pairs b y 2 .94 GeV pions on nuclei [ 6 0 A ] . Th is is s imi lar to t r ident pro­
duction by electrons and muon tridents just discussed. 140 electron pairs were 
found for Me+e— > 20 MeV, compared with the theoret ical value of 1 4 9 . The 
momentum transfer is low, so i t is not listed on Table V I L 
Search for Dirac Monopoles 
E v e r y t ime we raise the energy of an accelerator, i t is appro­
priate to make a new search for the Dirac monopole, which has a magnet ic charge 
g = 2e/a. I f th is ex is t s , i t will change the structure of the theory considerably. T h e 
postulate is tha t i t has a large mass and tha t high energies are needed for i t s pro­
duction. 
A search has been reported to this conference [ 6 6 B ] . On the basis of kine­
m a t i c s alone, i t should be possible, at the 70 GeV accelerator at Serpukhov, to 
produce magnet ic monopoles with a mass of 7 proton masses or less. Monopoles 
produced in the aluminum target are showed down to thermal velocit ies in a tung­
sten plate and accumulated in a permendur foil. After the irradiation the mono-
poles are extracted by a 200 kg field and allowed to produce tracks in a nuclear 
emulsion. None were recorded. An upper l imi t for the production cross section 
is derived: 
Elastic Electron-Proton Scattering 
Experimenters now present their data as a rat io to the dipole f i t . This procedure, 
invented Goitein [67A] enables the k inemat ic variat ions and the major form fac­
tor variat ions to be removed from the data before comparison with other labora­
tories, which may measure at different energies and angles, or comparison with 
theory. 
Although the «scaling law» has been subsequently justified by SU (6) and 
the relativistic quark model, the dipole fit has no theoret ical foundation, as theo­
rists have insisted at every conference since 1957. 
New data has been presented to this conference from Yerevan [68E ] . A com­
bined Dubna — Yerevan — Buharest group, measure up e las t ic scattering from 
the new 6 GeV electron accelerator at smal l momentum transfers, by observing the 
recoil proton in sil icon detectors. We are delighted to welcome this new group to 
the field. Thei r cross-sections are shown in fig. 1 1 , compared to the dipole fit 
and earlier data from Orsay [68C] and Harvard — Stanford [ 6 8 D ] . They find 
a prel iminary value for the root mean square radius <r2> — 0 .93 ± 6 % . This 
agrees with earlier work at higher momentum transfers, when the earlier work 
included: = 0 .813 ± 2 % . 
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In view of the failure to find Dirac monopoles, an a t tempt has been made to 
find particles with a smaller magnetic charge ( e / 7 ) 6 6 B . This uses the 600 MeV y 
beam avai lable at the Lebedev Ins t i tu te , and sc in t i l la t ion counters. An upper 
l imi t for the cross section has been derived: 
The magnet ic moment of the A hyperon has been measured [119] by a combi­
ned Kurcha tov Ins t i tu te — Novosibirsk group at I T E P . The hyperons were 
produced in n~~ A + Kat 1.07 GeVIc and, after precession in a magnet , 
their decays detected in emulsion. The authors find JXA — —0*53 ± 0 .56 nuclear 
magnetons. 
E l a s t i c electron-proton scat ter ing has been a hardy pere­
nnia l for the last 20 years. The last complete review was by Rutherglen [67] at 
the Liverpool conference last year. The proton form factors have been compared, 
for the last few years with the «scaling law» 
and the «dipole fit» or «exponential model» 
Fig . 1 1 . The e lectron sca t t er ing cross sect ion 
a t smal l m o m e n t u m transfers as measured 
a t Y e r e v a n (réf. 6 8 E ) . T h e solid line is the 
cross sect ion given by the dipole formula . 
Different types of points correspond to dif­
ferent detectors and runs of this exper iment . 
F ig . 1 2 . (Top) The r a t i o of the magne t i c 
form factor of the proton to t h a t given by 
the dipole fit (plus sca l ing) . ( B o t t o m ) The 
ra t io GMP ((f)l\xpGEP ( 2 2 ) a measured by 
Bonn (réf. 6 7 B ) , S L A C (réf. 68) and D E S Y 
(réf. 6 9 A ) . 
extrapolate to a cross-section 2 % lower than theoret ical . The American group 
can place an upper l imi t of 2 % on such an effect, in agreement with earl ier work. 
The scal ing law GMP (q2) — &PGEP (q2) is disagreeable from a rigourous theo­
ret ical s tandpoint . We wish to make GMp — GEP a t the threshold for e+e— 
—^ pp at ç 2 = — 4 M2; to do th is , with a smal l number of parameters , as any 
useful model must have, ei ther GMp — GEP = 0 at q2 = — 4 M 2 or else GEp <C 
< GMPI\^P at q2 > 0 . (We can consider this as an extrapola t ion of the scat ter ing 
data beyond q2 = 0 ; re la t ive to GMp, GEP must increase as q2 becomes more nega­
t ive , unti l eventual ly GEP equals GMp at q2 = — 4 M 2 . Of course the p, co, q> and 
may be other poles intervene. This makes the argument more complex , but s t i l l 
correct) . 
Secondly, the quark model with Fermi s ta t i s t ics usually gives a zero in the 
e lect r ic form factor a t some finite value for q2. Although this can be avoided by 
a par t icular special dis t r ibut ion this seems ar t i f ic ia l . 
In order to separate GMp and GEP we must measure the combinat ion GEp + 
2 2 
+ (q2/4M2) GMP a t forward angles and compare i t with GMP at backward angles. 
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would I f such a t a i l ex i s t s , the data at form factors 
I t had been suggested than 1% of the charge might be in a long t a i l in the 
proton's charge dis t r ibut ion. Although this is hard to fit in to par t ic le theory, 
i t would have explained the discrepancy in the shift which exis ted 2 years ago 
but exis ts no longer. 
Above g2 2 (GeVle) the separation becomes difficult because Gep contributes 
only 1 0 — 2 0 % to the cross section. 
Sys temat ic errors are al l important . At first sight i t appears that there syste­
mat i c errors would be el iminated by using the same apparatus to measure both 
forward and backward scattering. Unfortunately the most important of the syste­
mat ic errors remain. At backward angles electrons are not the dominant part icle 
flux and backgrounds are important . This is not so at forward angles. At back­
ward angles the scattered electron energy is lower than at forward angles. Shower 
counters work less well , and the operation of s l i ts and shielding is less decisive. 
The radiat ive correction is more complex. These all can introduce errors. 
New data is presented to this conference from D E S Y [ 6 9 A ] . They measure 
electrons at forward angles in one spectrometer. Protons measured in the same 
spectrometer correspond to backward electrons. Elect rons are also measured at 
9 0 ° in another spectrometer. The cross-sections are believed to be accurate to 2 % . 
The rat io of \IGEPI GMP is shown in fig. 12 , where i t is seen tha t they agree with 
the data from Bonn [ 6 7 B ] , presented at Vienna, but disagree with SLAG [ 6 8 ] . 
We see tha t \IGEP <C GMP as desired by theory. Sys temat ic errors are included in 
both German works [ 6 7 B , 6 9 A ] . 
An analysis of all avai lable data in terms of various theories and constants 
is a usual and necessary annual feature. We have an empirical analysis presented 
to this conference [ 6 8 F ] . The 264 experimental points are compared to the dipole 
formula, a modification of the dipole formula, in which they search for 5 adju­
stable parameters and the Veneziano model in which they search for 4 parameters. 
They find that in order to make a consistent fit to the data they need to 
adjust the normalization of most of the sets of data. This is necessary but diffi­
cult because some authors have sometimes not included sys temat ic errors in their 
published work, and others have folded them in without comment . 
They also throw away data differing from the mean by more than 3 standard 
deviations. These fortunately are often «old» data , which usually the authors 
consider to be superseded. Even so the fits are not perfect; with data up to q2 = 
= - y (GeV/c)2 a X 2 of 0 .9 per point can be obtained. Using the complete s e t a 
X 2 of 1.6 per point is found. 
Neutron Form Factors 
There has been no appreciable change since the comprehen­
sive review on quasielast ic ed scattering from Harvard and CE A 3 years ago [ 6 9 ] . 
W e have to add 3 quasielast ic scattering measurements; e~ detection only from 
D E S Y [ 7 1 ] , electron-neutron coincidences at forward angles [ 7 1 ] ; and, presented 
to this conference, some more ep quasielastic coincidence measurements [ 7 2 ] . 
GMN is known to about 1 0 % , independent of GEN, np to qz = 2 (GeV/c)2. Above 
this , we only have upper l imits since GMN and GEN cannot be separated. 
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The deuteron theory demains in a complicated and murky state and there 
is no complete agreement in numerical computat ions. Even if experiments were 
much improved, the theory could not let them be fully used. 
However, we sti l l have 
Fig . 1 3 . T h e neutron form factor GEN(q2) derived from e last ic ed s ca t ter ing . The d a t a of ref. 72 
are compared to previous work. The Feshbach — L o m o n wave function was used. 
E l a s t i c electron deuteron scat ter ing also gives the electr ic neutron form fac­
tor , i f we understand the deuteron. Presented to th is conference are some new 
data [72] from Karlsruhe — D E S Y . The i r derived plot of GEN is shown in fig. 1 3 . 
(for a Feshbach — Lomon wavefunction with 4 % D s ta te , using Gross* theore­
t i ca l formulae). T h e y do not include errors due to the proton form factor, or the 
deuteron theory. These values agree with previous work and are probably val id 
up to q2 = 1/2 (GeV/c)2 [12 / ~ 2 ] . The curves are %GMN/GEN = (1 + t ) , (1 + 4 t ) 
and (1 + 1 0 t ) respect ively. Any of these could be val id . 
Th is sounds very poor information; but nonetheless it is restr ic t ive on theore­
t ica l models; a «hard core» for the neutron is excluded for either GEn or GMn. 
An experiment [96, 9 7 ] to measure the pion and proton form factors in the 
non-physical region for 4 m | < g 2 < 0 has been performed at Dubna . T h e y 
study the react ion n~~~ + p e+ + + The analysis is s imi lar to , and subject 
to all the same errors as, the derivation of the pion from factor from electropro-
duction experiments [ 8 5 ] . However i t is the only information we have. These 
authors find Fn < 1.3, GEN < 1.1, at g 2 = — 0.05 (GeV/c)2. 
Two Photon Contributions 
T o analyze the elast ic lepton-hadron scat ter ing to yield 
form factors we s t i l l re ly on the va l id i ty of the one photon exchange approxima­
t ion. The real part of the second Born amplitude is found by a comparison of e+p 
and er-p scat ter ing; the data on this remains tha t from SLAG [ 7 3 ] . No difference 
is found. The use of one photon exchange is thereby just if ied. 
New data are also presented to this conference on the polarization of the re­
coil proton in ep scat ter ing [ 7 4 ] , which is associated with the imaginary part 
of the second Born ampli tude. New data this year also come from S L A G on 
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F i g . 1 4 . P o l a r i z a t i o n 0 1 reco i l proton m ep s ca t t e r ing . 
electron scattering from a polarized target [75] which is equivalent . These are 
presented in Fig . 14 . We see that there is no significant effect. 
W e also note tha t the two photon exchange interaction between the electron 
and proton in a hydrogen molecule is spin dependent and this is presumably rela­
ted to the effect above. As noted earlier this contributes (2.5 ± 4 .0) x 10~~b to 
the hydrogen ground state hyperfine structure. I known of no calculat ions yet 
l inking the two. 
Inelastic Lepton-Hadron Scattering 
E a r l y data [76, 77, 78 , 79 ] on the spectrum of ine las t ica l ly 
scattered electrons, showed production of nucléon resonances. These data showed 
tha t the transit ion form factors from the nucléon ground state to these resonances 
(at 1238 , 1512 , 1688 , 1920 MeV) are s imilar to the elast ic form factors and these 
resonances are therefore structures of the whole nucléon. In a contribution to 
this Conference [80] i t is shown that even the resonant contribution of the reso­
nance at 1238 MeV can vary a factor of 2 according as to how the background is 
subtracted. (This is not true, however, of coincidence data) . The M I T — SLAG 
group also show that the 1688 resonance is not so much excited by ed scat tering, 
showing tha t i t is not a resonant state of the neutron in agreement with the quark 
model. 
Inelastic Lepton-Hadron Scattering 
at Threshold 
New data at threshold has been presented to this conference 
[81 , 81 A ] , The difficulty of obtaining data at threshold is the necessity of a pre­
cise determination of the radiat ive ta i l from the elast ic peak. The Lancaster — 
Manchester — Daresbury group [81] measure with an incident energy of 2 GeV, 
and the Kharkov group at 1 GeV. The scattered electrons below threshold agree 
with the calculated radiat ive ta i l from the elast ic peak, so the authors feel safe 
in using the calculated radiat ive ta i l for subtract ion. This is shown for the Kha r -
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Fig . 1 5 . The cross sect ion for inelast ic scat ter ing of electrons a t the threshold and 
the 1 2 3 6 MeV resonance , from the K h a r k o v group (ref. 81 A ) . The solid lines are 
the calculat ions of the rad ia t ive ta i l showing the fit below the threshold. The two 
curves are ca lcu la t ions from a s imple model and from the model of Mo and T s a i . 
Fig. 1 6 . The a x i a l v e c t o r form factor 
derived from threshold e lec tro-product ion 
by the groups from N I N A (ref. 81) 
and K h a r k o v (ref. 81 A ) . The hatched area 
is the value givei^ by the neutr ino exper i ­
ments . 
kov data in fig. 15 . The full l ine is the calculated radiat ive ta i l ; the smal l diffe­
rences shown are between the approximate theory and the Mo — Tsa i theory. 
There are various ways of proceeding. The Lancaster group separate S and P 
waves by the momentum dependence. They then relate the S wave cross section 
to the ax ia l vector form factor using the current algebra ideas of Fur lan [82, 8 3 ] . 
The Kharkov group use a s imilar theory (but different theorists) . T h e y em­
phasize the necessi ty of a correction for the finite pion mass. In fig. 16 I show a 
composite plot of the ax ia l vector form factors so derived. 
Lepton-Hadron Scattering Leading 
to Resonances 
The data [76, 77, 78 , 79 , 80 , 8 9 ] on the reactions e + p 
- > e ? + 7 V * , which were obtained by studying the scattered electron alone, al­
ready showed tha t the nucléon resonances have transit ion form factors s imilar 
to the elast ic form factors and are therefore resonant structures of the whole nuc­
léon. 
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at the energy or A (1238) . In each case both the electron and proton are detected 
in spectrometers; Mistret ta [ 8 5 ] , in contrast , used a hodoscope shielded only by 
a sweeping magnet . Although the spectrometer is not necessary to identify the 
reaction, the background is reduced. The data is analyzed, as was that of Mistret­
t a et a l . [ 8 5 ] , in the form [84] 
Deep Inelastic Scattering — Single 
Arm Data 
The S L A C data on deep inelast ic ep scattering, presented in 
a prel iminary form two years ago [89, 9 0 ] has been extended to more angles and 
momentum transfers; also new data on inelas t ic ed scat tering and scattering from 
other nuclei is avai lable . 
The cross-section is measured and related to the inelast ic structure function by: 
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where 
These data are now being extended by coincidence data which enable us to 
unravel non-resonant terms from the data. Following the early data from Cor­
nell [84] and Harvard — C E A [85] we now have extensive data from D E S Y [86] 
and Lancaster — Manchester — Daresbury [ 8 7 ] . 
The data reported by D E S Y and Daresbury is on the reaction: 
The Lancaster — Daresbury group concentrate on low 4 momentum trans­
fers — q2 = 0 .3 and 0.6 (GeV/c)2 — and D E S Y present data at q2 = 0.67 (GeV/c)2. 
The coefficients at q2 = 0.67 (GeV/c)2 are presented in fig. 17. 
There is agreement with the results of Mistret ta (presented at Vienna two 
years ago). In part icular the term Dx is found to be resonant at 1236 MeV which 
shows that i ts contr ibution is a longitudinal quadrupole ( L l + in Fubin i , Nambu 
and Wataghin ' s terminology). This contribution is forbidden on a simple quark 
model. The value of C0 also indicates a large El^~ exci ta t ion; also forbidden on 
the quark model. 
F i g . 17 . T h e coeff ic ients of the cross sect ion for e lect roproduct ion near the resonance a t W = 
= 1236 MeV and q2 = 0 .67 (GeV I cf. T h e curve is the work of ref . 121 which is the mos t refined 
dispersion theory ca lcu la t ion . 
F ig . 18 . A spect rum of e lec t rons scat tered ine las t i ca l ly from hydrogen wi th E = 4 . 8 7 9 GeV 
and 0 = 16° . D E S Y data (ref. 78) wi th S L A G data (refs. 89 and 90) superimposed as sol id dots . 
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Fig . 1 9 . The transverse cross section (aT) as a 
function of 4 m o m e n t u m transfer for two values 
of the centre of mass energy. The solid lines are 
the vector dominance model given by 
F ig . 2 0 . The Rosenbluth plots to eva luate R = a0/aTat three values of W and one q2. T h e 
var iable s is equivalent t o the more usual tan ( 8 / 2 ) or cot ( 8 / 2 ) . 
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B y now we have data at 1.5°, 6 ° , 10° , 18° , 26° , and 34° on hydrogen at many 
energies np to 20 GeV, and on deuterium at 6° and 10° . The last is preliminary. 
I first present a raw scattered electron spectrum from D E S Y (fig. 18) with 
SLAG data, at the same energy and angle, superimposed. I note that they agree 
well, suggesting that systematic errors are small . 
Radiat ive corrections are now very well determined and errors thereon are 
small . In the preliminary D data, the radiative correction is only approximate 
but only the data where the correction changes the data by less than 3 % are inclu-
ded in this preliminary report. 
I will present some samples of the data. We clearly want to measure at various 
angles and determine err (# 2, v ) and a0 (q2, v) separately. This is done by adju-
sting the incident energy E and scattered energy E' to give the same q2r v at two 
scattering angles 8. Just as GMP (q2) is well determined for elastic ep scattering 
and GEP (q2) is not, GT is well determined and cr0 not. In the WXJ W2 notation, 
both are quite well determined. In fact for elastic scattering 
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I now show in fig. 19 a vs. q2 for two values of W (defined by W = 2 and 3 
GeV). Vector dominance suggests that OT (q2,W) = av (W) — ~ - — ] . (Note that 
\ ™t + q2 I 
the centre of mass energy is here held constant.) This is shown in the solid line 
and clearly does not work. 
Next I show in fig. 20 , the Rosenbluth plots to separate cr 0 and OT at 3 values 
of W where data exists . At other values of W, such a plot can be drawn by inter-
polating cross section data. We see that R is small. The following are consistent 
with the data 
This excludes systematic errors. The plot for separation of GM and GE (fig- 12) 
showed a systematic error leading to too high a value of 0E* A similar error could 
lead to too high a value of cr0 and therefore i ? , so the M I T — SLAG group do not 
yet rule out R = 0. Now to understand the data further the authors put R = 
= 0 .18 . (The other choices would make only a small difference.) Wi th this assump-
tion fig. 21 shows vW2 (g 2 , v) vs. co (co = 2Mv/q2). All points" fall near the same 
curve. This is the experimental evidence for scaling which has so excited the theo-
rists. To see this more clearly the authors select co = 2Mv/q2 = 4 and plot in 
fig. 22 vW2 (q2, v) vs. q2. This is constant over a whole decade of q2. At lower co, 
fig. 23 shows that scaling is not exact , and there is a rise at l o w g 2 , before finally 
going to the kinematic zero at q% = 0. 
Above co = 10, only data at q2 < 2 exist , so that we can neither prove nor 
disprove (I) scaling, ( I I ) we cannot measure R and ( I I I ) whether vW2 falls as co 
increases. I f however we assume scaling and the constancy of i ? , then vW2 decrea-
ses about 8% as co goes from 5 to 30 . 
The new data on deuterium of great interest because they tells us the scatte-
ring from the neutron. Wi th all the cautionary words appropriate to new data, 
they are presented in fig. 24 . The ordinate ~ — 1 is approximately equal to - ^ » . 
1 1
 Op 
We notice that these data also scale, and on/ap » 1 at co « 10 and an/ap Œ 
» — = (p,jx/{X£>) at co » 2. Comments on this are theorists ' business! 
Fig . 2 1 . The s tructure function vW2 (g 2 , v) plotted as a function 
of the var iable to = 2Mv/q2. All d a t a are superimposed, from several 
values of q2 and v . This demonstrates the property cal led «scaling». 
Fig . 2 2 . The s t ruc ture function vW2 (q2, v) a t © = 2 Mv/q2 = 4 
as a function line demonstrat ing scaling in detai l . 
244 
Fig . 2 3 . The s tructure function 
vW2 (q2, v) a t co — 2Mv/q2 = 1 .66 as 
a function of q2. Scal ing is shown to fail 
below q2 = 8 {GeV I cf. 
Fig . 2 4 . The cross sect ion ra t ios ( o D / a H — 1) ^ on/ap p lotted as a function of to = 2ikfV/g 2. 
This is a compos i te plot demonstrat ing scaling for a D and the value of cx n/cy p . 
Presented to the conference also is a report on p, inelast ic scat ter ing from 
H, D , C and Cu. (Although there are data on electron inelast ic scat ter ing from 
these heavy elements they have not yet been analyzed.) 
In photoproduction i t has been shown that the nucleus is not transparent 
at high energies, as the y-ray and the rho meson couple to each other and the rho 
interacts s trongly. The cross-over 
between t ransparency and non-
transparency occurs at a photon 
energy k where: 
(lv is the mean free path of the 
vector meson of mass mv in nuclear 
mat te r ) . In fig. 25 I show the rat io 
of scat ter ing from a nucleus to scat­
tering from a nucléon as a function 
of k; included are the photoproduc­
tion data . The data are consistent 
with the same plot vs . &eff for both 
Fig . 2 5 . The rat ios RQ and i ? C u of m u 
meson scat ter ing from carbon and cop­
per to t h a t from hydrogen. The abscissa 
K e î î is defined in the t e x t . The photo-
product ion points from D E S Y and 
S a n t a B a r b a r a included. 
photoproduction and muons. The dotted line is a theory of Brodsky and Pum-
plin. 
The large cross section for deep inelast ic scattering suggest a point-like struc­
ture within the nucléon. I t has been suggested by various theorists, and Bjorken 
and Paschos in part icular, that this will be found in inelast ic yp scattering also. 
Th is has now been studied by San ta Barbara and SLAC [ 9 7 A ] , and Cornell [ 9 7 B ] . 
These authors have shown that it is indeed possible to measure y rays from 
a target. However, at low y ray energies decay y rays dominate; at Cornell mea­
sured J t ° yields JX° predict the low energy y ray yield; at SLAC extrapolated J X ° 
yields predict the low energy yield. An observed excess of y ray at high energies 
is too large to be the Bjorken — Paschos effect. I t may be co decay. 
Deep Inelastic Scattering — Coincidence 
Data 
The single arm inelast ic data whetted our appetites for more 
complete information. This is now becoming avai lable . The first data in a pro­
gram to measure the final states in the reaction: 
Fig . 2 6 . The missing mass in the react ion e + p ~> 
e + p + X as observed in r e L 9 4 . The large 
peak a t M = 0 is discussed in the t e x t . 
or does i t fall off as 1/q2 to have 
the same fraction ( 1 5 % ) of the to ta l 
OT as the p photoproduction is of 
G Y ? The second al ternative gives 
the larger cross section. 
The Cornell group measure, 
in a spectrometer, protons in a 
side-ways direction in coincidence 
with the electrons. 
They find tha t in many cases 
X = y because they have a near 
coplanar geometry and the radiat ive 
correction to ep elast ic scat tering 
is almost always coplanar. E l im i ­
nating these events, they find the 
mass plot shown in fig. 2 6 . There 
is a surprising number of low mass 
events. No one knows what these 
are. 
When a j i + meson is detected 
sideways, in contrast the missing 
mass distribution shows a peaking 
towards the largest possible mass. 
2 4 6 
where X° is any neutral meson or aggregate, is reported to this conference [ 9 4 ] , 
W e are interested in such questions as, does the cross section f o r e + p - ~ > e +
 Jp + 
+ p° follow the vector dominance 
prediction: 
Fig. 27 . Spec tra of missing mass in 
the react ion e + p -> e + + X 
showing peaks where X = JV, and 
A ( 1 2 3 6 ) . 
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Colliding Beam Production of Hadrons 
I now come to the most exci t ing part of this ta lk . The Vienna 
meeting had, already, much data on the production of the vector mesons co, p 
and <p. This data has been s teadi ly extended at both Novosibirsk and Orsay. 
The monitoring reaction is the double bremsstrahlung: 
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The prel iminary analysis of some extensive data from Harvard — C E A has 
been presented to this conference [ 9 5 ] . 
Bo th the electron and the forward charged part icle are measured and iden­
tified in spectrometers. Then the missing mass is plotted. Fig . 27 shows the mis­
sing mass distribution for the reactions 1, 2 where a ot+ is identified. Bo th the 
neutron-corresponding to the «elastic» process (1) and the A are observed. The 
q2 dependence (called the k2 dependence by these authors) is not steep. 
The p° production at < of the tota l electro-
production; p dominance would be s l ight ly smaller . 
Unfortunately the geometry is such that they are not sensitive to masses 
of X0 greater than 1 (GeV/c)2. 
Another approach is to examine the forward mesons and protons in the reac­
tion: 
S ince Vienna, new measurements have been made at Orsay and Novosibirsk 
on the decay q> K+K~~. Be t t e r radiat ive corrections computat ions have been made; 
according to Cremmer and Gourdin [98] the vacuum polarization effect, previously 
included, should be and has been omit ted. A search has been made for the polariza­
tion of the beams according to t heSoko lov — Ternov effect [99, 1 0 0 ] . No polariza-
T a b l e I X 
cp Decay Parameters 
t ion effect has been found; presumably 
one of the many depolarizing influences 
is at work 1100] . The new experiment 
[101 ] has been analyzed together with a 
reanalysis of the previous experiments 
[102] on cp decay to K0K0 and J C + J C ~ ~ 3 X ° . 
We show these and recent Novosibirsk 
measurements [ 1 0 4 ] , in Tab le I X . 
Wéno t i ce the excel lent agreement. Th is 
clearly is the definit ive work on the cp 
meson. In fig. 28 I show the Novosi­
birsk detector. Note tha t the inner 
spark chambers and trigger counters 
are thin to al low detection of the low 
F i g . 2 8 . Novos ib i r sk spark c h a m b e r sys tem: 
1 — a n t i c o i n c i d e n c e s c i n t i l l a t i o n counter , 
2 — lead absorber , 2 0 0 mm t h i c k , 3 — range 
spark chamber , . 4 — shower spark c h a m b e r , 
5 , 7 — s c i n t i l l a t i o n coun te r s , 6 — duralu-
m i n i u m absorber , 2 0 mm t h i c k , 8, 10 — 
th in -p la te c h a m b e r , 9 — s torage r ing magne t , 
11 — i n t e r a c t i o n region, 12, 13 — inner 
and outer v a c u u m c h a m b e r s . 
energy K+K . Al l reactions are detected at once. We take the Orsay result 
for r<p e e 5 TQee and and put it various modifications of the Weinberg sum rule: 
DMO [106]; 
Sugawara [107] ; 
Gourdin—Gremmer f 108]. 
These must al l be modified, and have been modified, lor the finite width 
of the resonances; in principle the sum rule applies not to Tm but to : J < V H R - (s) ^s. 
res 
The comparison of the two sides (1 = 1 and / = 0) of the equations, using pre­
vious [103] measures of co and p decay, is shown in Tab le X . 
W e i n b e r g s u m r u l e and modi f i ca t i ons 
(Orsay data) 
( including f in i te width cor rec t ion) 
The photon meson coupling constant gv can be derived from the leptonic de­
cay width using: 
where av is a factor, near uni ty , which is a correction for finite width. The CD me­
son is narrow and a® = 1; the cp meson is also narrow, but i t is only just above 
the threshold for K+K~~ decay, and hence there is a correction. These corrections 
are model dependent. 
DMO 
S u g a w a r a 
Gourdin — Cremmer 
(Sakurai convention), 
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The co and <p are, in SUB, assumed to be «mixed» part icles . Two mixing ang­
les are determined; one [G y = tan—1 (— gy/g®) 1 from the couplings to photons; 
the other (QN) from the mass spl i t t ing. Tab l e X I shows the present values 
of the coupling constants and mix ing angles from the Orsay and Novosibirsk data . 
T a b l e X I 
Coupling constants and mixing angles 
of the vector mesons 
t> (23.1 ± 4 ) u 
In the above discussion of the vector mesons I have used only the coll iding 
beam data. I believe the correct view to take is tha t the coll iding beam values 
are the «correct» ones; they should not be averaged with other experiments which 
are less direct and in most cases less accurate . For the record, however, I l ist 
the other determinations of the leptonic branching ratios of the co, p and <p mesons 
in T a b l e X I I . 
I must also report the par t icular contr ibut ion to this conference [105] of the 
n°y and rfy decay of the <p meson. Th is is included in Tab le I X . The experiment, 
T a b l e X I I 
Determinations of leptonic blanching ratios of tne vector mesons 
(a) Corrected for J K + K IK K as determined by colliding beams, (6) Corrected value 
( r cô = 1.0±0,18 KëV). (c) p(o interference m a y contribute addit ional error to these 
numbers. There is little interference in nP production because the G> and p are prod used 
by different particle exchanges and at different values. Prof. Weinstein asks me to apolo­
gize on his behalf for an incorrect implication to the contrary in reference [51] . (©) These 
branching ratios use the same cp production cross section and are low. A m a x i m u m of 
0.7 is due to pep interference. Probably the <p production cross section is wrong. 
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l ike all the other coll iding beam experiments, is conceptual ly very simple. Around 
the interaction region are placed spark chambers separated by lead plates to make 
the apparatus sensit ive to y rays. The apparatus is triggered by any 2y rays . 
3 gamma rays are then detected to completely reconstruct the event. 
The normalizat ion is given by Bhabha scattering, and the K°LKs s imul ta­
neously observed. 
For completeness, I also note that pco interference has been observed in col­
liding beam experiments and in np collisions [112, 112A] and in the leptonic 
decays of photoproduced p and co mesons [ 1 1 2 B , 1 1 2 C ] . The interpretation of all 
but the coll iding beam experiments depends c r i t i ca l ly on the phases of the pro­
duction amplitudes which are unknown. 
High Excitation Colliding Beam 
Experiments 
The fact that the deep inelast ic electron scat tering at space­
like momentum transfers (q2 > 0) falls only slowly with increasing momentum 
transfer has i ts most simple explanat ion in terms of quasi-elastic scat ter ing from 
a point-l ike const i tuent (parton) of the 
proton. These point-l ike consti tuents 
will be produced in pairs by t ime-l ike 
(q2 <C 0) photons in electron-positron col­
liding beams. The cross section should 
be large; equal to the JJI pair cross sec­
t ion if the partons have spin 1 / 2 ; greater 
if several partons exis t . The partons 
probably subsequently interact and are 
not themselves seen. 
However there is no ana ly t ic conti­
nuation possible and models must be 
used for predictions. I have presented 
one crude idea myself [ 1 1 2 D ] , and I refer 
to two more high-brow ones [113, 1 1 4 ] . 
The first leptonic decays of the vec­
tor mesons were measured in hadronic 
(non-colliding) beam processes, though 
colliding beam experiments are now the 
dominant ones in this field. 
In a s imilar way,, the first indicat i­
ons tha t t ime-l ike photons couple stron­
gly to hadrons at energies greater than 
1 GeV came from an experiment looking 
for muon pairs from protons on uranium 
[ 6 2 ] . Many muon pairs were found up to 
the k inemat ic l imi t of 6 GeV as shown 
in fig. 29 . These experiments were com­
pared with a model by Drel l [113] and 
rough agreement was found. 
F i g . 2 9 . T h e cross sec t ion for 
as a func t ion of m M l l . F r o m ref . 6 2 . 
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These two sets of apparatus — the Conversi — Gri l l i and the Zichichi 
groups — are s imi lar . T h e y are the same apparatus as for the Q E D checks descri­
bed earlier . The two body process pions are separated from muons because they 
do not penetrate absorber; and from electron-positron pairs because they do not 
produce showers in lead. Unfortunately the number of electron-positron pairs 
is great and a few (about 1/1000) produce no showers. 
Pion and Kaon Form Factors 
T a b l e X I I I 
Pion and kaon form factors at high momentum 
transfers 
electrons which fail to give a 
shower. Others wil l be cosmic rays . 
At Novosibirsk [104, 1 1 8 ] , the 
n and K are separated by a Cheren-
kov counter. There are two expe­
riments; one on the <p resonance 
(Ecm = 1.02 GeV) and one above 
the cp resonance. In the first, n 
pairs are found which were not re­
sonant and therefore not q> decays 
(from which they derive an upper 
l imi t B (cp jc+jc—) <C 0 . 6 % noted 
in Tab le I X ) . At Frascat i [115, 
1 1 6 ] , n and K mesons are not separated. I n Tab l e X I I I I l ist the numbers for 
these form factors. Note tha t they are larger than given by the t a i l of the p meson 
(vector meson dominance) 
Multihadron Events 
Both at Novosibirsk and at Frasca t i , non-coplanar 2 or more 
body events are observed with A<p > 2 0 ° . 
I show in F igs . 3 0 — 3 1 the procedure used by Si lves t r in i ' s group [117] to 
ext rac t these events from the cosmic ray and other backgrounds. I n fig. 30 is 
shown the t ime of the events with respect to the RF phase. On the right-hand 
side, the events with an electron and positron in the final state, may be seen to 
have a well defined t ime . This same t iming interval is then taken to select the 
non-electron and non-coll inear events on the left-hand side. 
The two tracks of these events tha t are left are projected back to the interac­
tion region and the intercepts with the horizontal plane are plotted in fig. 3 1 . 
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The data from Frasca t i are, however, now beginning to come in, up to a vir­
tual photon energy of 2200 MeV. They show very large cross sections for many 
body events. 
Two contr ibutions to this conference [115, 116 ] discuss the production of 
pion pairs: 
Coplanar and col l inear t racks which do not give a shower, 
and do not penetrate absorber, are candidates for 
Some few of these will be 
On the top of the figure are those 
events which are in phase; on the 
bot tom are those which are out of 
phase. There is a c lear concentra­
t ion of points about the interact ion 
region and the background subtrac­
tion is clear. 
Tab les X I V and X V show the 
number of t racks as seen by the 
Conversi — Gri l l i group [ 1 1 5 ] . 
Monte Carlo calcula t ions are used 
to es t imate the efficiencies. The mo­
del A is found to be best . S i lves t r i -
ni [117] agrees. 
In fig. 32 are S i lves t r in i ' s cross 
sect ions assuming 4 prong events — 
essent ia l ly model B . T h e y are lower 
l imi t s . The dip at 1.85 GeV is not 
seen by the other 2 groups [115 , 116 ] 
and so is presumably not real . In 
Tab le X V I I show the cross sections 
as a function of energy from Novo­
sibirsk and Frasca t i . 
K inosh i t a and Brodsky , Bud-
nev, Ginzberg and B a l a k i n , and 
Ba i e r have discussed in the theory 
sessions of th is conference reactions 
of the type [ 1 2 2 ] : 
The cross section is large i f the 
in i t ia l electron and positron go into 
the usual bramsstrahlung angle 
yfmjE. Then the cross sections 
vary as log (—q 2 ) instead of (1/q2). 
In the first 3 processes the last 
two part icles would not be col l inear 
but would be «bremsstrahlung cop-
lanar» to use a phase, coined by 
Fig . 3 0 . An i l lustrat ion of the e x t r a c t i o n of 
background in the exper iment of Si lvestrini et a l . 
(réf. 1 1 7 ) . The arrows m a r k the group of the events 
considered to be in phase; the shaded points are 
events which do not come from the in teract ion 
region (see F i g . 3 1 ) . 
Salv in i , to mean coplanar to within y m/E. B u t the cut is made lor Acp > 20 . 
Indeed the Conversi — Gri l l i group find 40 more events with Acp <C 2 0 ° . Al­
though at Novosibirsk, with the low energy threshold, the first react ion might be 
expected to occur, the thresholds at Frascat i are high. 
The one process of this type which might s imulate the Frascat i events seems 
to be: 
in the unl ikely circumstance tha t the cross section is high. 
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Fig . 3 1 . A plot of the 
apparent source of the 
events in the experi ­
ment of ref. 117 . The 
out of phase events 
are randomly distri ­
buted. The peaking 
of the events a t the 
interact ion region is 
c l ear . 
F ig . 3 2 . The cross section 
for m u l t i h a d r o n events from 
ref. 117 assuming al l events 
have a m u l t i p l i c i t y of 4 
charged t r a c k s . If events 
have a lower mul t ip l i c i ty 
the cross sect ion is larger . 
T a b l e X I V 
Multiplicity Distributions 
* Normalization 
T a b l e X V 
Average total cross section for multi-hadron production, 
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observed 
detection efficiency for pairs 
overall efficiency for hadronic events (geometrical detection); cross section, 
integrated over solid angle of a p p a r a t u s for 
I believe, therefore, tha t the Frascat i results are secure and are one photon 
processes. Future colliding beam experiments must have counters to detect any 
forward going electron and positron. 
Processes of the Brodsky type cannot explain the peculiar M = 0 peak in 
Berke lman ' s ep data (fig. 2 6 ) . When the scattered electron is detected at a large 
angle, the cross section becomes negligible. The diagrams are the same — except 
T a b l e X V I 
A<p > 20° non -complanar events 
for a k inemat ic Lorentz transformation — as those for tr idents; these are expe-
r imenta l ly known to be small and there is, as I noted before, agreement with 
theory [ 6 6 A ] . 
I note that these same processes will appear in an e—e— ring. All future sto-
rage rings should be designed for a quick change from e+e— to e—er- coll isions. 
I would l ike to thank the scientif ic secretaries N. F , Severin, S. I . B i l enkaya , 
V . E . Tro i t sky , V . Auslander, S . Rusakov, V . Kise lev and V . Gorshkov for their 
excel lent help in preparing this report. 
D I S C U S S I O N 
N e z r i c k: 
I wish to add to your tab le of m a g n e t i c monopole l imi t s the contr ibut ion to this conference 
by D r . Carr igan and myself . W e have set l imi t s on the product ion of monopoles by neutr ino in-
terac t ions à la the Schwinger dyon t h e o r y . The product ion mechani sm which we invest igated is 
the m a g n e t i c charged c o u n t e r p a r t of double m u o n product ion by neutrinos v ia the in termedia te 
vec tor boson, i. e. if Is and l N are m a g n e t i c charged leptons and S N is the in termedia te m a g n e t i c 
boson then the d iagram is 
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Cross sec t ion in m i c r o b a r n s (10 3 0 cm£) 
W e have re -eva lua ted the ex i s t i ng deep-sea monopole search d a t a of R . F l e i s che r et a ï . 
( P h y s . R e v . 1 8 4 , 1 3 9 3 (1969) ) to e s t ab l i sh the l i m i t of monopole product ion b y c o s m i c r a y neu t r i -
nos . T h e cosmic r a y muon neu t r ino spec t rum of T . Osborne e t a l . ( 1965) was used. 
A «direct l i ra i t» was de termined for neut r ino in te rac t ions in the sample i t se l f , and a co l lec -
t ion l i m i t was de te rmined for neu t r ino in t e rac t ions in the ocean above the s ample from where 
the poles would be co l l ec t ed on the s a m p l e . Assuming the product ion cross sec t ion to be a s tep 
funct ion above the threshold energy E T (GeV) then the cross sec t ion l i m i t s are c r d i r e c t < 1.0 x 
X 1 0 - 3 9 ET cm2 and ^collection < 3 . 0 x 1 0 ~ 4 5 E% cm2. 
T o get a feel ing for these l i m i t s , i f the product ion cross sec t ion is s i m i l a r to t he in te rmedia te 
vec tor boson cross sec t ion above threshold , i . e . G = Z2 • 1 0 ~ 3 7 cm2, and the Z of i ron for the direct 
case and oxygen for the co l l e c t i on case is used, then the pole mass l i m i t s are 6 0 GeV and 6 0 0 GeV 
for the d i rec t and c o l l e c t i o n cases r e spec t ive ly . In the above e s t i m a t i o n the effect of pole-pole 
b inding is neg lec ted . 
C a l d w e l l ; 
Y o u r s t a t e m e n t t h a t the 7p coupl ing cons tan t is best de te rmined in the co l l id ing beam 
exper iments ignores the pos s ib i l i t y of there being a difference in the physics for o ther de te rmina-
t ions . T o t a l cross sec t ion and proton Compton sca t t e r ing da t a g ive va lues of y2/4K of abou t 
P 
0 . 3 8 on the photon-mass she l l , in s ign i f ican t disagreement w i t h the va lue of 0 . 5 0 on the p-mass 
she l l ob ta ined w i t h the s torage r ings . T h i s is in disagreement w i t h vec to r meson dominance and 
m a y point to in te res t ing phys ics . 
W i l s o n : 
M y reference was in tended so le ly to o ther de te rmina t ions of the vec to r meson branching 
ra t ios to l ep tons , wh ich are measurements a t the vec to r meson mass . I agree w i th the c o m m e n t . 
N a u e n b e r g : 
Y o u have shown a s l ide for vWT2 p lo t ted vs . q2 for co = 4 , in wh ich vW2 i s cons tan t for 
1 < q2 < 8 in accordance wi th sca l ing , and for co = 1.66 where one can de tec t some q2 va r i a t ion . 
Can you show also the corresponding dependence of v W2 on q2 for larger f ixed values of co? I s 
there a n y evidence for sca l ing when co > 10? 
I would l i k e to c o m m e n t on the sl ide in which the da ta for Gt is p lo t ted v s . q2 a t f ixed values 
of W, and compared w i th the predic t ion of s imple V . M . D . I t i s impor t an t to no te t ha t the disag-
reement is large a t a l l measured va lues of q2 down to q2 = 1 (BeV/c)2. On the o ther hand the same 
express ion predic ts a successful r e l a t ion between the to t a l nucléon photoabsorpt ion cross sec t ion, 
the p-nucleon t o t a l cross sec t ion and the Orsay r ing coupl ing cons tan t y p imp ly ing the va l i d i t y 
of the e x t r a p o l a t i o n in q2 in the t ime- l ike region from the p-mass to the photon . S i n c e we do no t 
expec t a n y s ingu la r i t i e s a t q2 = 0 in mov ing from the t ime- l ike in to the space- l ike region, the 
agreement in the t ime- l i ke region mus t be regarded as somewhat for tu i tous . 
W i l s o n : 
T o o b t a i n la rge cowe need e i ther a low q2 or a large v . S c a l i n g on ly works above q2 
^ 1 (GeVIc)2 and is l i m i t e d b y the energy of the m a c h i n e . T h e range of q2 over wh ich co = 10 can 
be achieved is therefore l i m i t e d and there is no evidence for s ca l i ng . R . T a y l o r w i l l show the sl ide 
demons t ra t ing t h i s . T h e v a l i d i t y of V D M is wel l known to depend on the process . F o r the pion 
form fac tor i t c l e a r l y works a t q2 — —mp and i t is in te res t ing t h a t any sens ib le f i t to the p re-
sonance a lso f i t s the pion charge; Fn (0) 1.1 ± 0 . 1 . However , V D M fai ls m i s e r a b l y to f i t the 
proton charge radius (off b y a fac tor 1 ,4 ) , E x p e r i m e n t a l l y I be l i eve we should s tudy and l i s t 
these processes for w h i c h V D M is va l id and we should never have expec ted i t to work everywhere . 
On such process m a y wel l be t ha t s tudied b y B e c k e l m a n et a l . e + p -> e + p + p°. T h i s works 
modera te ly wel l a t q2 = 0 (pho toproduc t ion) . T h e p re l imina ry cross sec t ion a t q2 = 1 (GeVjcf 
seems to agree b e t t e r w i t h V D M than wi th the idea tha t p-production remains a cons tan t f ract ion 
of the t ransverse cross sec t ion . 
R . T a y l o r : 
Here is the s l ide showing proton data as a funct ion of q2 for different bands of m. There 
is an assumpt ion made in ob ta in ing the data shown, name ly , t h a t ft = — = 0 . 1 8 , for a l l values 
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of g 2 and v, whereas there are measurements of R only for a res tr ic ted set of values of q2 and v. 
T h e r e are no direct measurements of R for very high <o. One c a n see tha t a t high o> where is 
a lmost no d a t a in the region where the lower values of a exhibi t scal ing behaviour. 
N a u e TI b e r g: 
Does this mean tha t you have no evidence for scal ing a t the highest ors? 
T a y l o r : 
Absolutely. 
T i n g : 
Could you c o m m e n t on the determinat ion of the yp coupling constant from the coll iding 
beam exper iments , to what ex ten t is the co 2JT has been included? 
W i l s o n : 
The Orsay group original ly quoted a s l ight ly lower value for the branching ra t io of the 
rho-meson to leptons. The change was due to a new fit which includes the ir evidence for <o — p 
interference. Thus I believe cop interference makes less than 1 / 4 s tandard deviat ion difference in 
the answer. E x a c t l y what the difference would be if I assumed the M I T — D E S Y value , which 
at the nex t rapporteur (Dr . Lubelsmeyer) will show is s ignif icantly different, I do not know. 
W e i n s t e i n : 
Regarding the va l id i ty of the vec tor dominance model in photoproduct ion exper iments 
near the p mass , I would like to note t h a t G. Greenhut and I have ca lcu la ted the m a x i m u m p, co 
phase obtainable in complex nuclei , for various EY, for a n y a r b i t r a r y p, co phase from a single 
nucléon. F o r this wë assume the vec tor dominance model and t ime reversal . W e use the Drell — 
Trefil ampl i tude to obtain the re la t ive po> phase in complex nuclei from that for nucléons. 
In carbon, a t Ev = 4.-5 GeV, we find tha t the m a x i m u m re lat ive phase obtainable , inde-
pendent of how the nucléon re lat ive phase is adjusted, is 6 0 ° . In contras t , the exper imental results 
in carbon a r e 100° £ 35° from a Northeastern Univers i ty group at C E A , and 100° Z300 from 
a Daresbury gtoup. 
Thus the v e r y large exper imenta l phases appear to be in disagreement with the vector do-
minance model + t ime reversa l . (The exper imenta l phases c a n be obtained by violat ing t ime 
reversal àt the (Y, p) v e r t e x ) . I believe this present s i tuat ion is sufficiently troublesome to merit 
a strong effort a t bet ter measurements (or measurements a t energies and for nuclei more sensitive 
to the assumptions) and an effort a t further ca lcu lat ions . However, for the present ca lculat ions 
and experiments , the Vector Dominance Model appears to fai l ) . 
W i l s o n : 
These pha$çs are discussed in the nex t report by Lûbelsmeyer . I believe there is some dis-
agreement exper imenta l ly and there is no need to c r y «fail» yet . 
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